We present polar Kerr effect measurements of the filled skutterudite superconductor PrOs4Sb12. Simultaneous AC susceptibility measurements allow us to observe the superconducting transition under the influence of heating from the optical beam. A nonzero Kerr angle θK develops below the superconducting transition, saturating at ∼ 300 nrad at low temperatures. This result is repeated across several measurements of multiple samples. By extrapolating the measured θK (T ) to zero optical power, we are able to show that the Kerr angle onset temperature in one set of measurements is consistent with the transition to the B phase at TC2. We discuss the possible explanations for this result and its impact on the understanding of multi-phase and inhomogeneous superconductivity in PrOs4Sb12.
We present polar Kerr effect measurements of the filled skutterudite superconductor PrOs4Sb12. Simultaneous AC susceptibility measurements allow us to observe the superconducting transition under the influence of heating from the optical beam. A nonzero Kerr angle θK develops below the superconducting transition, saturating at ∼ 300 nrad at low temperatures. This result is repeated across several measurements of multiple samples. By extrapolating the measured θK (T ) to zero optical power, we are able to show that the Kerr angle onset temperature in one set of measurements is consistent with the transition to the B phase at TC2. We discuss the possible explanations for this result and its impact on the understanding of multi-phase and inhomogeneous superconductivity in PrOs4Sb12.
Chiral superconducting phases exhibited by certain heavy fermion (HF) materials have recently attracted heightened interest as hosts for Majorana particles and other topologically ordered states [1] [2] [3] . Of these, the filled skutterudite PrOs 4 Sb 12 has been proposed as a leading candidate for hosting three-dimensional Majorana fermions [4] . PrOs 4 Sb 12 , currently the only known Pr-based HF-superconductor [5] , exhibits many interesting phenomena [6] , including a field-induced ordered state [7] and two zero-field superconducting transitions, corresponding to an A phase with T C1 ≈ 1.85 K, and a B phase with T C2 ≈ 1.72 K [8, 9] . Past experiments have suggested that quadrupolar order and fluctuations may be the basis of all these phases [5, 6, 10] . Theoretical models posit that such a quadrupolar superconducting state breaks time-reversal symmetry (TRS) and that the double transition arises from spin-orbit coupling [11] . A muon spin relaxation study of PrOs 4 Sb 12 showed evidence of TRS breaking (TRSB) appearing around the superconducting transition, thus suggesting that the superconductivity is chiral, but could not resolve whether TRSB was associated with the A phase or B phase [12] . Whether these transitions are even distinct, and what are the possible symmetries allowed for this compound, are subjects of considerable debate [6, 10, 13, 14] . There is strong evidence of inhomogeneity in the superconducting state; furthermore, reducing the size of a crystal below ∼ 100µm in any dimension eliminates the transition at T C1 [15, 16] . This raises the possibility that the "two phases" are just ordinary transitions of two different materials in the same sample. However, this inhomogeneity may simply indicate that the A phase is delicate, and requires a large crystal to exist-in this case, an inho-mogeneous crystal would be composed of regions which support both A and B phases, combined with regions supporting only the B phase. This argument is bolstered by evidence that powdering the material (i. e. introducing defects and impurities) suppresses the upper transition [17] . In order to clear up this controversy, it is thus crucial to determine the exact TRS of the superconducting state below T C2 and between T C1 and T C2 .
In this Letter we report polar Kerr effect measurements of several PrOs 4 Sb 12 crystals along the [001] direction using a zero-area loop Sagnac interferometer (ZALSI). Insitu AC susceptibility measurements allow us to track the two superconducting transitions with the optical beam incident and thus accurately account for optical heating. We find a finite Kerr angle, saturating at ∼ ±300 nrad at low temperature, which develops below the superconducting transition temperature after the sample has been cooled in a small symmetry-breaking magnetic field. When cooled in zero field, the sample develops a Kerr angle with random sign and magnitude (also saturating at ∼ ±300 nrad), indicating the formation of TRSB domains with random direction. By measuring (on one sample) the power dependence of the temperature at which the Kerr angle onsets, we are able to extrapolate to the true onset temperature of TRSB in the limit of no sample heating. We find the onset temperature is consistent only with T C2 . We measure several other spots on multiple samples, finding results which are consistent with this power dependence. We take this to indicate that PrOs 4 Sb 12 has a TRSB superconducting state below T C2 , which may be the B phase of a multiphase superconductor.
In general, a TRSB order parameter with particle-arXiv:1609.07535v3 [cond-mat.supr-con] 16 Apr 2018 hole asymmetry will lead to complex indices of refraction for right-circular (n R ) and left-circular (n L ) polarizations that are unequal and depend on the direction of propagation of light [18] . This generates a small but finite polar Kerr effect (PKE), wherein circularly polarized light reflected from a TRSB material is phase-shifted by the Kerr angle ±θ K , with the sign of θ K depending on the direction of polarization. For a multiband, TRSB superconductor with T c ∼ 1K measured with λ ∼ 1 µm light, we expect θ K ≈ 0.1 − 1 µrad [19] . Such a small PKE may be resolved using a ZALSI as described previously [20, 21] . Our ZALSI apparatus, operating at λ = 1.55 µm, yields a finite θ K only if TRS is broken, while rejecting any reciprocal effects that may happen to rotate polarization. Since if reciprocity holds the PKE is identically zero [22] , a finite PKE is an unambiguous determination of TRSB in any material system, including unconventional superconductors. Indeed, we have used ZALSI in the past to detect TRSB in Sr 2 RuO 4 and in the HF-superconductors URu 2 Si 2 [23] and UPt 3 [24] . Importantly, the ZALSI has also ruled out TRSB in the HF-superconductor CeCoIn 5 [25] , in mirrors [26] , and in high-T C cuprates [27] .
We measured 5 samples in total, labeled samples A through E. These ranged in size from approximately 2×5 mm 2 × 2 mm thick to approximately 1 × 1 mm 2 × 0.3 mm thick. The single crystals of PrOs 4 Sb 12 were grown in an Sb flux as described in Ref. [28] ; all samples except B were from the same growth batch, grown under identical conditions, and were measured on as-grown (100) surfaces. X-ray diffraction measurements [5] on PrOs 4 Sb 12 reveal that it crystallizes in the LaFe 4 P 12 -type BCC structure with a lattice parameter a = 9.3017Å [29] . These crystals typically have a residual resistivity ratio RRR ≡ ρ(300 K)/ρ(2 K) ≈ 30 − 50 [5, 6, 30] . A sample is attached to a thin sapphire wafer on top of a copper stage that is mounted on the base plate of our 3 He refrigerator. The optical beam from the Sagnac interferometer comes down from above and reflects off the top of the sample. The mutual inductance (MI) apparatus for measuring AC susceptibility consists of an astatically-wound pickup coil inside a drive coil just underneath the sample, as shown in the inset of Fig. 1 . We drive the outer coil at 10.054 kHz and measure the induced voltage in the pickup. The pickup coil is nominally balanced to provide zero signal when the sample susceptibility χ is zero and finite signal when χ is finite. In practice there is always some background signal; we measure this offset well above T C1 and subtract it from our data. We measure with the optical beam on, thus determining the effect of sample heating from our optical measurement.
PKE measurements of PrOs 4 Sb 12 proved challenging because of the low reflectivity at the measurement wavelength (λ = 1.55µm). Signal to noise ratio (SNR) could be increased by increasing optical power, which in turn resulted in heating of the sample. To get reliable data in the limit of low optical power we measured PKE at Increasing optical power heats the sample, causing the transitions to occur at lower measured fridge temperature. Inset: schematic of our mutual inductance apparatus (not to scale). An astatically-wound pickup coil sits inside a drive coil, with the end butted up against a thin sapphire wafer that supports the sample (labeled SC). The optical beam (dashed red arrow) is incident from above. different powers and the compared the data to AC susceptibility data taken at the same optical powers. AC susceptibility measurements of sample A under illumination at different optical powers are shown in Fig. 1 . With the optical beam off, we observe two transitions in the real component of the susceptibility χ beginning at 1.83 K and 1.7 K. These temperatures are consistent with T C1 and T C2 from previously reported measurements of PrOs 4 Sb 12 [6, 10] . With the optical beam on, both transitions shift to lower temperature (as measured by a RuOx thermometer mounted to the sample stage away from the beam). This indicates that the sample is heated by the beam and thus sits at higher temperature than the stage. The double-transition shape of the curve remains unchanged, although at high powers a hint of the transition at 1.83 K may be seen, presumably due to uneven thermalization of the sample due to the focused heating spot. It is the temperature of this spot that is relevant for our analysis, as the PKE measurement samples over the volume that the beam interacts with.
To fit the MI data, we use the canonical susceptibility of a cylinder in a parallel field,
where R is the cylinder radius, λ is the penetration depth, and I i are the modified Bessel functions [31] . We sum the susceptibilities due to two superconducting states, χ = i χ(λ i ), using a phenomenological temperature de-pendence for penetration depths
The exact shape of these fits seems unimportant, as the T C values extracted do not depend strongly on the choice of functional form; however, a two-transition fit is necessary to capture the shape of the data. The T C values extracted from fitting agree with estimates "by eye" of the beginnings of the transitions. We may thus use these temperatures to determine what state the sample is in at a given temperature for the Kerr measurements. We note that this functional form, which sums susceptibilities, seems to imply inhomogeneity as the source of the two transitions. However, similar curve shapes and values of T C are generated by models that assume two phases with different λ i 's [32] . PKE measurements were performed with no MI drive to prevent any spurious effects from the AC magnetic field. The measurement procedure is thus: the sample is warmed far above the T C , typically to 4 K. After a short wait for thermalization, a small DC magnetic field may be applied, or the field may be left at zero. The sample is then cooled to base temperature (∼ 300 mK) and the field is set to 0 (remnant field in the absence of applied field is <∼ 3 mG [23] , well below H C1 ∼ 45 Oe [33] ). Finally, the sample is warmed slowly and PKE measurements are performed during warm-up.
PKE data taken on sample E after two different zero field cooldowns at 20µW incident power are shown in Fig. 2(a) . One run shows a positive signal saturating around 250 nrad, while the other shows a negative signal of roughly 50 nrad. Several ZFC runs taken on multiple samples showed Kerr angles with random sign and amplitude. This behavior, together with the field-cooled measurements discussed below, suggest that we observe the effect of finite domain structure. Similar to a finitesize ferromagnet, the TRSB sample may break into domains that are smaller than the gaussian waist of our optical beam. In this case the average signal is expected to be zero, with a standard deviation reflecting the ratio of domain width to beam waist [26] . Occasionally a large domain may form under the beam, leading to a finite signal, but this measurement would not be repeatable. We observe exactly this behavior.
Again as in a ferromagnet, the sample can be trained to form a single domain by cooling through the TRSB transition in a symmetry-breaking magnetic field aligned with the optical beam [26] . It is important to note, however, that the field is removed at low temperature, and all data are taken while warming up in zero field. Data taken at 10 µW optical power after cooling sample C in field are shown in Fig. 2(b) . A nonzero θ K develops below ∼ 1.4 K at all fields, and saturates at ∼ ±300 nrad at low temperature. The sign of θ K reverses with the field direction, as would be expected for trained TRSB. The magnitude of θ K shows no field dependence, indicating that vortex cores are likely not the source of the signal and that a 50 G field fully trains the sample. In order to accurately extract the temperature T K at which θ K becomes nonzero (i. e. at which TRSB begins) we fit the data. An example, using 20µW data on sample E, is shown in Fig. 3 . We use two phenomenological models for these fits. The first (dashed green line) assumes a single component to the order parameter:
Here, ∆T is the optical spot heating, so the measured T K is given by T K = T C − ∆T . Either T C1 or T C2 may be used; the T K values extracted are nearly identical. The second model (solid blue line) assumes two components to the order parameter, i. e. two critical temperatures:
Both equations fit the data well, although the twocomponent fit gives a smaller confidence interval for ∆T and usually has larger R-square. The one-component fit gives T K = 1.167 ± 0.057 K, while the two-component fit gives T K = 1.125 ± 0.046 K (error bars represent 95% confidence intervals). These values are lower than the temperatures of both MI transitions (measured to be 1.672 and 1.528 K at this power); this is to be expected in the presence of optical heating, as the Kerr measurement samples only the volume heated by the optical beam while the MI measurement measures the entire sample. A finite-element model of optical heating gives a "hot spot" which is 200 − 750 mK hotter than the bulk crystal, consistent with our results. In order to determine the true value of T K (in the absence of heating) we measure Kerr data at different incident optical powers (P ) and extract T K (P ) from twocomponent fits as above. At low powers the SNR of our measurement is too low to consistently fit for T K . However, since field-trained data is repeatable with the same amplitude and onset temperature, we may fit several data sets simultaneously to improve SNR. We then fit T K (P ), weighted by the confidence interval of each extracted value, to find T K (P = 0). Fit procedure details may be found in the Supplementary Material [34] . Results for sample C are shown in Fig. 4 , along with measured MI transition temperatures at each power. We fit a linear dependence to T K (P ) from P = 5 to 20 µW; at the highest power, 30 µW, we expect a deviation from linear dependence as the thermal conductivities of the sample and stage have changed significantly, and the heating is sufficiently large that the Kerr data is not well-fit by the same functions. The linear fit gives T K (P = 0) = 1.694±0.072 K. These error bars represent 95% confidence bounds [34] . Thus, we see that θ K becomes nonzero at a temperature consistent with T C2 = 1.7 K and inconsistent (at the 3.8-σ level) with T C1 = 1.83 K. Repeating this procedure with one-component fits gives T K (0) = 1.74 ± 0.097 K, which again is more consistent with T C2 , although T C1 is just barely within the 2-σ window.
In order to test whether T K = T C2 at all points-i. e. to test whether inhomogeneities lead to any regions where TRSB begins at T C1 -we measured 8 different spots across 3 samples (A, C, and E) [35] . Because measuring T K (P ) dependence is extremely timeconsuming, we instead measured at 20µW and extracted the difference between the measured T K and T C2 at that power. This difference should depend only on the thermal conductivity of the sample and the size of the optical spot (assumed to be very similar for all samples); therefore T C2 (P )−T K (P ) should be constant for all measurements if T K (0) is the same. We find that this value agrees in 6 of the measurements [34] , indicating that T K (0) = T C2 ; the other 2 measurements were inconclusive due to spurious signals that corrupted the data and made fitting unreliable. We take this as moderate evidence that the superconducting states entered at T C1 and T C2 have different TRS, likely indicating multiphase superconductivity.
However, we have not fully ruled out inhomogeneities as the source of the multiple transitions. It is possible that the T C1 transition only occurs inside a crystal, and that the surface only becomes superconducting at T C2indeed, the fact that reducing crystal size eliminates the upper transition would point to this possibility. Our measurement only probes down to the optical penetration depth (∼ 100 nm), and so is unable to determine if this is the case. In order to fully correlate the TRS and T C of the superconducting states, a measurement of T C at the optical spot is needed. This could be accomplished using a scanning probe [36] , a SQUID susceptometer [37] , or by measuring optical properties such as thermoreflectance. Future experiments should focus on correlating T K and T C across many regions of a sample.
In conclusion, we have found a finite polar Kerr effect below T C2 in PrOs 4 Sb 12 . The random PKE after cooling in zero field, together with a finite PKE after cooling in a small magnetic field, suggest that time-reversal symmetry is broken in PrOs 4 Sb 12 , with typical domain size that is smaller than our ∼ 10 µm optical spot. This finding puts strong constraints on the possible symmetries allowed to describe the superconducting state in this material system. Further study is necessary to investigate the role of inhomogeneities and determine whether the two superconducting transitions are truly distinct.
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DATA ANALYSIS AND FITTING
Kerr angle data was acquired at a rate of 1 sample per second. Due to the slow time constant of the RF lockin amplifier used to measure the signal, each data point is correlated with its ∼ 8 closest neighbors. In order to accurately compute error bars, we eliminated these correlations by dividing the data into 50-point "chunks" and averaging the points in each chunk, leaving us with a set of averages {x i }. These averages are then almost completely uncorrelated and thus represent independent samples with 50 s of averaging time. Before plotting the data vs temperature, the chunk averages are then binned into temperature bins, with all the x i in each bin averaged together. The points plotted in all θ K (T ) graphs are these bin averages. The error bars given are the 1-σ standard error of the mean, computed as the standard deviation of the x i in each bin divided by the square root of the number of chunks.
Fits were performed using Matlab's built-in fitting procedures and either a single-component fit function
When available, multiple data sets at the same optical power were fit simultaneously using the procedure available in [S1]. These fits were constrained to have identical values of ∆T and θ 0 but were allowed to have independent values of the offset c, as this may vary over days due to small offset voltages in the measurement electronics. Error bars in plots of ∆T (and thus T K ) are the 95% confidence intervals given by the fit procedures.
In order to calculate T K (0), a linear fit was performed on the extracted T K (P ). A specialized fit procedure was used to correctly weight the data points according to their confidence intervals and to propagate the error [S2]. The values of T K (0) cited are those calculated from these fits, with error bars showing the 95% confidence intervals calculated using this error propagation.
SAMPLE SURVEY
Three samples were measured in detail at 20 µW optical power: samples A, C, and E. Sample A was measured on 3 spots, sample C on 2, and sample E on 3. One measurement of sample A was corrupted by a damaged RF cable (it was undamaged for prior measurements and fixed for subsequent runs), and one measurement of sample C was corrupted by electrical noise from a nearby lab. In these cases the measured SNR was drastically lowered and thus the data was unusable; the other 6 measurements were reliable with sufficient SNR to fit for T K . We label the measurements A1, A2, C, E1, E2, and E3. The samples were different sizes and so we expect different bulk heating due to the optical beam; indeed, we measured much lower AC susceptibility transition temperatures on sample C (T C2 (20µW) = 1.433K) than on the larger samples A (T C2 (20µW) = 1.568K) and E (T C2 (20µW) = 1.477K). However, we expect that the difference between the temperature of the "hot spot" under the optical beam and this bulk temperature will be the same across all samples. Finite element modeling of the hot spot shows that it only extends a few tens of microns and is thus unaffected by sample size; optical focus was similar for all measurements (except E2, discussed below) and so the hot spot temperature difference should be constant. We thus plot the difference between the T C2 measured from AC susceptibility and the T K extracted from our fitting procedures. Data for these runs are shown in Fig. S1 .
Because we have detailed power dependence indicating T K (0) = T C2 for sample C, we may use the value of T C2 (20µW) − T K (20µW) as a reference. If the hot spot temperature difference is the same for all measurements and the relevant transition temperature is always the lower transition, then we expect T C2 (20µW) − T K (20µW) = 190 ± 42 mK. On the other hand if the 0.1
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FIG. S1. Difference between lower superconducting transition temperature measured by AC susceptibility and Kerr temperature extracted from fits, each under 20 µW illumination. Horizontal axis labels indicate sample (letter) and spot (number) measured. Error bars are 95% confidence intervals on TK extracted from fits. The red dashed line is the value expected if TK (0) = TC2, assuming that the optical heating is the same as measured on sample C; the red shaded region is the 95% confidence interval on this value. The black dashed line is the value expected if instead TK (0) = TC1, and the grey shaded region is the 95% confidence interval on this value. The data show that all spots except A2 are significantly outside the grey region, and A2 still overlaps much more with the red region, indicating that TK (0) = TC2. Note that measurement E2, which is an outlier above the red region, was performed with exceptionally good optical focus, which may have increased the heating. relevant transition temperature is the upper transition, then T C2 (20µW) − T K (20µW) = 60 ± 42 mK, indicated by the dashed line and shaded region in the figure. We see that all measurements except A2 fall outside this region, with A2 still outside at the 2-σ level when the error bars are combined. Note that measurement E2 appears significantly above the rest of the data points; this measurement was performed with higher SNR, indicating a tighter optical spot and likely a greater optical heating. The SNR was only 15% higher, however, and the hot spot temperature difference is expected to scale no faster than SNR 2 , so it is unlikely that this measurement corresponds to T K (0) = T C1 . We thus take these measurements as moderate evidence that T K (0) = T C2 everywhere on the surface of these samples. Samples B and D were measured at an earlier time, before we had developed our techniques for carefully accounting for optical heating. Both samples showed TRSB, as shown in Fig. S2 . However, data was not taken carefully at 20 µW, and so they cannot be used for our analysis of T K . Note that Sample B was grown in a different batch, but has similar properties to the others.
